Climate change and human activities influence runoff and sediment load in an integrated way. However, under similar climate conditions the variability in runoff and sediment load is mainly a result of human activities. In this study, the change trends of runoff and sediment load were detected with linear regression analysis for the Beiluo River on the Loess Plateau, China. The impact of human activities on runoff and sediment was examined under similar weather conditions based on continuous monthly data of climate and runoff and sediment load from 1958 to 2012 at the Zhuangtou Hydrological Station. The results showed that: 1) Annual runoff and sediment load varied greatly and declined significantly in the study period, but precipitation and potential evapotranspiration (ET 0 ) estimated by the Food and Agriculture Organization (FAO) Penman-Monteith Method had no significant trend. 2) The paired periods with similar precipitation and ET 0 were selected if they had similar annual amounts (less than 2%) and similar changing process controlled by monthly data (P<0.05). It has been demonstrated that the decreases of runoff and sediment load were mostly (60%, 70%, 75%) induced by human activities within the paired periods.
Introduction
Overland flow-driven soil erosion is a critical environmental issue, leading to sedimentation of waterways, ecological degradation, nutrient loss, etc. [1] . The erodible material produced by the soil erosion process is transported into rivers, resulting in high sediment deposition. Sediment transfer in rivers is a key component of the global denudation system [2] . Streamflow data are useful for regional climatic and hydrologic investigations. Streamflow and sediment load provide useful information on studying soil erosion and sediment delivery [3] . The changes of runoff and sediment load are mainly caused by natural climate variability and human activities (e.g., land-use change and dam construction), which has been demonstrated in the major river catchments across the world such as the Nile [4] , the Colorado [5] , the Yangtze [6] , and the Yellow [7] .
The Yellow is the second-longest river in Asia, notable for its large amount of sediment and relatively small amount of runoff. In recent years, human activities have significantly changed the process of sediment and runoff in the river, especially on the Yellow, where it has become increasingly pronounced in the past 90 years [8, 9] . Most studies on runoff and sediment load are based on data comparison [2, 10] or modeling analysis [11, 12] . These two methods have assisted in understanding the runoff and sediment load variability, but they are quite different in theory and parameters used. For example, the rainfall-runoff and rainfall-sediment statistical model is still controversial when dividing the distinct transition point of runoff or sediment discharge time series by the impacts of human activities, resulting in different division periods showing differing results [13, 14] . Therefore, it is difficult to draw general conclusions from these studies due to their empirical nature. Furthermore, although the mechanisms of runoff and discharge are clear in distributed hydrological models [15] , the great spatial variability in the model parameters is a challenge. Current models do not consider the variation of precipitation and evaporation comprehensively in the divided period. The changes of runoff and sediment load under a changing environment can be attributed to both climate change and human activities. Many studies [16] [17] [18] [19] used double mass curve to detect the impact of climate change and human activity on runoff and sediment load in different river basins. Dong et al. [20] , who assumed a period can be considered the reference period of time series in which streamflow is less affected by human activities, analyzed the relative effects of human activities and climate change on the river runoff using a SWAT model. Zhao et al. [21] used both Budyko's curve and linear regression to evaluate the potential impacts of climate variability and human activities on annual streamflow in the middle reaches of the Yellow River basin. To isolate the effects of human activities, we proposed selecting two specific time periods with different intensities of human activities but similar climatic conditions (denoted as 'paired periods with similar climate'). The loess plateau had been experiencing severe loss of natural vegetation from the 1960s to the 1980s mainly due to inappropriate human activities and climate warming. The objective of this study is to quantify the effects of climate change and human activities separately using the above approach and investigate how discharge and sediment yield varied during 1958 through 2012.
Data and Methods

Study Area
The Beiluo River is 680 km long and is the secondlongest tributary of the Wei River in the Yellow River. The Beiluo River Basin (26905 km 2 ) is located in the center of the Loess Plateau (34º39′-37º18′N, 107º33′-110º10′E) in China. The basin encompasses parts of 18 counties across Gansu and Shaanxi provinces. A digital elevation model (DEM) and location of this basin is shown in Fig.  1 (a, b) . The total area of soil erosion in this basin has reached nearly 72% of the basin total land cover, making the basin one of the most soil-eroded areas of the Loess Plateau and a major source of coarse sediment to the Yellow River. This area has thick loess layers. The particle composition is mainly fine sand, silt, and clay. The loess has high porosity and is prone to landslides. The soil is typical black loam soil with a loose structure that is readily degraded [22] .
The climate of the Beiluo River Basin is continental monsoonal, with an average annual precipitation ranging from 400 to 600 mm and an average annual air temperature ranging from 8.0 to 12.0ºC [23] . The average annual runoff and sediment load were 8 
Data Collection
The meteorological data were collected from 16 meteorological stations located within 120 kilometers of the Beiluo River Basin (apart from the mountain station) (Fig. 1a) . The data, provided by the National Meteorological Information Centre (NMIC), include monthly precipitation (P m , mm), maximum temperature (TMX, ºC), minimum temperature (TMN, ºC), relative humidity (RH, %), wind speed (WS, m s −1 ), and sunshine duration (SD, h) from 1958 to 2012. The dataset has been quality assured by NMIC. We performed further routine quality assessment and error correction procedures on the data following methods described by Peterson et al. [24] . The potential evapotranspiration of the Beiluo River Basin was calculated using the Penman-Monteith Method recommended by the Food and Agriculture Organization (FAO) [25] . The potential evapotranspiration and precipitation were regionally averaged based on the monthly records of stations upstream of the Zhuangtou Hydrological gauge Station (ZHS) using the spatial interpolation method. Annual potential evapotranspiration and precipitation were cumulated by month. Annual streamflow (in 10  8 m   3 ) and sediment load (in 10 8 t) data at ZHS from 1958 to 2012 were obtained from the Chinese River Streamflow and Sediment Communiqués, Ministry of Water Resources, China (MWR).
The Global Inventory Monitoring and Modeling Studies (GIMMS) normalized difference vegetation index (NDVI) dataset was derived from the NOAA's advanced very high resolution radiometer (AVHRR) (http://www.noaa.gov, the dataset was downloaded from http://westdc.westgis. ac.cn), which provides information on the monthly changes in terrestrial vegetation from August 1981 to December 2006. Because of incomplete data in 1981, data from 1982 to 2006 were employed. The GIMMS data are based on a 15-day interval with 8 km spatial resolution [26] . To further eliminate the influence of clouds, atmosphere, and solar altitude angle, the international universal maximum value composites (MVCs) technique was used to calculate monthly maximum NDVI [27] , which selects the highest NDVI at each pixel from GIMMS NDVI (15-day interval) [28] . The vegetation in the study area is most developed during the productive months of June to September. The vegetation change is usually small from October to the following May. The NDVI values of the four productive months can best reflect the long-term change of vegetation cover during the year. Therefore, the NDVI from June to September of each year was calculated using the MVCs method and this value was used as an indicator of the annual vegetation growth of the study area.
Soil and water conservation data ranging from 1960 to 1999 was obtained from the Soil and Water Conservation Data Compilation of the Yellow River, compiled by the Upper and Middle Yellow River Bureau in 2010. The dataset covers some general characteristics of the Beiluo River Basin, as well as biological conservation measurements such as man-made forest, grass-planting and hillside closures, and structural measures such as terraces, reservoirs, check dams, and key projects for gully control.
Principle and Methods
Principle
The water balance of the watershed can be expressed as: P = R + Wg + Ws + ETc + δW (1) …where P is area precipitation, R is surface runoff, Wg is underground runoff, Ws is soil water storage, ETc is actual evapotranspiration, and δW is the change in water storage of engineered structures such as reservoirs.
Considering the specific hydrogeological conditions of the study area: 1) As there is a thick soil layer, a deep water table [29] and little recharge underground runoff from the limited infiltration [30] , Wg is assumed to be approximately 0. 2) There is little vegetation cover in the Beiluo River Basin, the infiltration capacity of surface soil is weak, and the main surface runoff is generated in the infiltration-excess manner; rainfall is characterized by heavy rainfall with high intensity and short duration [31] , and therefore Ws can be ignored.
3) The water in reservoirs mainly supply the needs of people's daily lives and δW can be considered human impact. Therefore, from a long process, equation (1) can be simplified to: P = R + ETc (2) …where P is area precipitation, R is surface runoff, and ETc is actual evapotranspiration.
…where ETc is actual evapotranspiration, k is the coefficient, and ET 0 is potential evapotranspiration. When under adequate water supply, k = 1 and ETc = ET 0 . We assumed that k did not change for the same land under similar weather conditions and that the vegetation change induced by human could change k. We analyzed ET 0 instead of ETc and it was implied that the faster change in ET 0 than the natural evolution of ETc is also the result of human activities.
FAO Penman-Monteith Method
The FAO Penman-Monteith (PM) approach to estimate evapotranspiration (ET 0 , mm day −1 ) is regarded as a global standard and is presented in the FAO-56 report [25] . In this study, monthly potential evapotranspiration was calculated according to Allen et al. [25] . Monthly potential evapotranspiration was calculated by multiplying ET 0 with the number of days in that month [32] .
Spatial Interpolation Method
Spatial interpolation methods are developed for specific data types or a specific variable [33, 34] . In this study, the Disjunctive Kriging (DK) spatial interpolation method was selected to calculate the spatially averaged precipitation and potential evapotranspiration for the Beiluo River Basin.
Trend Detection
Parametric and non-parametric methods have been developed and applied successfully in hydro-climatic field analysis because of their ability to detect the physical relationships between ecological elements [8, 35] . However, they require more detailed data than other methods, which may be difficult to provide, as well as clear descriptions of processes, which might not yet have been developed [2] . This study uses a linear regression method to detect precipitation trends, potential evapotranspiration, runoff, and sediment load [36, 37] .
Accumulative Anomaly Curve to Detect Stage
The accumulative anomaly was used to detect the trends and stages in annual precipitation (P), sediment load (S), runoff (R), sediment concentration (SC), and evapotranspiration (ET 0 ). For data series Y di (i = 1, 2,…n), the accumulative anomaly method can be expressed as follows: (4) (5) (6) (7) …where Y mean , Y di , Y a,i , Y a,m , Y 0,1 , and Y 0,m are the average values for the data series, original data at year 1 and anomaly normalized value, accumulating anomaly normalized values at year 1 and m, respectively. Cumulative anomalies of above factors were plotted to afford a visual distinguishing of the turning year when an obvious change in these factors had approximately happened [38] .
Approach of Paired Periods with Similar Climate
Because precipitation is the main source of runoff and the main driving force of erosion, paired periods with similar precipitation and potential evapotranspiration conditions (SPEC) were selected to conduct the analysis [38, 39] . To define paired periods, we paired two years, three consecutive-year periods, and five consecutiveyear periods with SPEC as the following conditions were applied (Table 1) : 1) the two years, three consecutive years, and five consecutive years should have precipitation that differs by less than 2%; 2) potential evapotranspiration should differ by less than 2%; 3) the two and five consecutive years should be more than five years apart, while three consecutive years should be more than three years apart. Because the evolution of natural landforms and vegetation is quite slow, the changes to runoff and sediment load in an SPEC pair are mainly induced by human activities. This is a significant assumption for the study area, because it is well known that individual rainfall events can contribute approximately 60% to 90% of the yearly total rainfall [40] . Though the individual rainfall events are more functional to describe the impacts of rainfall on runoff and sediment generation in its influenced area, the rainfall events are very uneven in space and thus it is difficult to use data of events in the whole basin. Therefore, we used monthly data of precipitation and ET 0 for identifying similar weather conditions of two or several years at the regional scale.
Results
Runoff and Sediment Load
The statistics for runoff, sediment load, sediment concentration, precipitation, and potential evapotranspiration are shown in 
Variation of Precipitation and Potential Evapotranspiration
Potential evapotranspiration and precipitation are the main climate variables that influence runoff and sediment. Precipitation is the driving force of soil erosion and sediment delivery, and it is also the water source for runoff and soil moisture in this region. In the Beiluo River Basin mean annual precipitation and potential evapotranspiration were 516.4 mm and 917.5 mm, respectively ( 
Trends
The annual sediment concentration, annual runoff, and sediment load had significant trends with a linear decline from 1958 to 2012 (Fig. 2) . The average rate of decline of annual sediment concentration, annual runoff, and sediment load were 1.96 kg m -3 yr , respectively. There was significant (P < 0.001) synchronized variation both between the annual runoff and sediment load, and annual sediment concentration and sediment load.
Annual precipitation declined (P = 0.0722) during the study period, while annual potential evapotranspiration had no significant trend (Fig. 3) .
Stages
The mass curve of anomaly values describes the change process of a particular parameter by comparing it with the mean value of that parameter over the whole study period. If the observed data from a given year is bigger than the overall mean, the anomaly values will be positive and the mass curve will rise.
Over the whole study period, the mass curves of potential evapotranspiration showed the changes of declining first and then rising; the changing points of ET 0 was in 1993 (Fig. 4) . This indicates that mean annual ET 0 before 1993 were smaller than the mean for the whole period, but that after 1993 they were higher than the mean of the whole period. The mass curve of precipitation was complex with many short-time up and down phases.
The river characteristics displayed similar changes, but were much more complex than ET 0 and precipitation (Fig. 4) . Base on the rules that were applied to detect stages from the mass curves of anomalies of normalized runoff, sediment load, and sediment concentration, four stages were determined. In the first stage (1958 to 1979), mean precipitation was 539.3 mm, more than the mean value for the whole process (516.4 mm), but the mean annual ET 0 was 916.5 mm, with many short-time up and down phases (a little more than the whole period). Mean R, S, and SC were 9. , respectively -more than the mean value for the whole process, while ET 0 , S, and SC were less than those for the whole period. The characteristics in Stage III (from 1991 to 1998), the mean ET 0 (932.2 mm), S (0.90 × 10 8 t), and SC (146.6 kg m −3
) were higher than the mean for the whole period, while the mean R and precipitation were less than those for the whole period. The mean precipitation in Stage IV (from 1999 to 2012) was 500.1 mm, or about 3% less than that for the whole , respectively -all of which were less than the mean values for the whole period, with a relative decrease of 23.1%, 67.0%, and 58.8%, respectively.
Precipitation and ET 0 between Paired
Two Years with SPEC
There are five pairs of years with similar weather conditions (Table 3) between the 1960s and 2000s, and the number of years of difference between each pair varies from 12 to 39. The difference in precipitation and ET 0 ranged from -3.8-3.8 mm and -9.3-16.1 mm, respectively, from the absolute value of the paired years (Table 3) , and the difference in precipitation and ET 0 from the relative value of the paired years ranged from -0.86-0.93% and -0.97-1.62%, respectively.
Runoff and Sediment Load between Paired
The SPEC analysis of the changes in runoff (R), sediment load (S), and sediment concentration (SC) are shown in Table 4 . In SPEC, when comparing the later year with the earlier year in each pair, three (2, 3, and 5) of the five pairs showed a reduced R, three (3, 4, and 5) of the five pairs showed a reduced S, and three (3, 4 and 5) of the five pairs had a reduced SC. The amplitudes of R, 
An Example of NDVI Change in Pair 5
Because precipitation and potential evapotranspiration are similar between the paired years, the effects on R, S, and SC can be attributed primarily to human activity. We selected pair No. 5 (years 1979 and 2000, see Table 3 ) with runoff, sediment load, and sediment concentration amplitudes of 20.43%, 58.89%, and 44.81%, respectively, as an example, and applied the NDVI data to further confirm the applicability of the SPEC method to analyzing the influence of human activity on the runoff and sediment load of a river. NDVI is a sensitive indicator of green plant material and an index of the vegetation cover of a region [41] , which directly affects the water yield and sediment load. Considering availability of data on NDVI, we analyzed NDVI data in 1982 and 2000 for pair No. 5. Annual NDVI had no significant trends with a linear decline from 1982 to 2000 (Fig. 5) . The mean annual NDVIs for 1982 and 2000 were 0.580 and 0.567, respectively. NDVI decreased 57.87%, and increased by 42.13% in terms of the area. The vegetation cover increased mainly in the upper and the lower reaches of the Beiluo River (Fig. 6) , which may be the main reason for the runoff reduction in the Beiluo River Basin [42, 43] .
Soil and Water Conservation Engineering
Runoff, sediment load, and sediment concentration of the Beiluo River are also influenced by engineering besides NDVI changes. Soil and Water Conservation Data Compilation of the Yellow River Basin ( Fig. 2 . In addition, areas had been largely covered by planted forest and grassland by 1999, it was shown that areas of arbor, shrub, economic trees, and grass were 262.33, 259.12, 92.71, and 146.42 thousand hectares, respectively (soil and water conservation data compilation of the Yellow River Basin). Therefore, soil and water control functions in these areas were attributed to the vegetation coverage, and the soil erosion of land -where vegetation coverage was more than 70% -would be well controlled [45] .
Discussion
This paper selected discrete time periods based on similar weather conditions to analyze the effects of human activities on runoff and erosion. This way ensured a relative uniformity for precipitation that generates runoff and erosion, but also improved the objectivity and accuracy of the data analysis and, therefore, the results. Compared with the traditional hydrological method, this method does not use distinct transition points for a hydrological series to divide the study period, which avoids divergence resulting from the different dividing of "unaffected" hydrological series period [13, 14] . Once this condition for the runoff and sediment yield is followed, analyzing the variation of runoff and sediment load at a watershed hydrological control station can help identify impacts on runoff and erosion between natural and human factors by applying the traditional statistics and basic principles of hydrology, and reducing the influence of the calibration of key parameters in a distributed hydrological model [15] . In addition, the results from this method can be compared to and verify the results from a distributed hydrological model, and improve our understanding of the anthropogenic influence on runoff and erosion.
The result of annual runoff in the Beiluo River had a significant downtrend during the study period, which is consistent with previous studies [16, 46, 47] . Another reason for this is the regulation of 42 reservoirs [16, 23, 46] . In addition, the "rainwater collection project" implemented in the Wei River Basin has also contributed to runoff reduction since 1996, during which two million small cisterns were built to collect storm water to provide drinking water and irrigation. Nearly 6×10 6 m 3 of precipitation has been collected each year, including the rainfall of events that did not produce runoff [48] . The sediment concentration decreased during the study period. The reason for this may be the basin landscape pattern change [49] . In paired years set No. 5, runoff, sediment load and sediment concentration decreased, while the NDVI value also decreased. The reason is the NDVI, which mainly shows the vegetation cover, and the change of vegetation cover were only a part of human activities. More data were added to the analysis (land use data for example) could maybe explain this.
This method avoids the assumption of "no or less impact from human activities" [20] . In terms of detecting the "baseline period" [16, 17, 18, 19] , the method employed in this study appears be more advanced than the traditional double mass curve. For instance, as shown in [16, 17] , a good baseline period can be found for the double mass curve of precipitation and sediment load of the Wei River. Furthermore, it was shown in reference [17] that the multiple R of the relationships between accumulative precipitation and sediment load were very close to 1 (extremely significant) in the first several years. They should therefore be considered as one baseline period. However, the detected break-year in reference [16] was totally different from that detected in reference [17] . Such a difference may be explained as follows: in double mass curve method, a period of several years, when accumulative precipitation and sediment load has a very good linear relationship (R 2 > 0.99), is usually employed as a baseline period in order to determine the impact of human activities. This inevitably brings about an issue that if the multiple R reaches 0.99 or higher, any time period can be selected as the baseline period. Then it will be difficult to determine which period is the best baseline period if we choose the double mass curve method. There are two alternatives for the analysis of the influence of human activities using the similar weather condition analysis method. The first is considering the effect of human activities on runoff and erosion as a whole, and not distinguishing between different human activities. If more data were available, the effect of the different types of activity, such as irrigation and industrial water consumption, could be distinguished in the runoff and sediment load. The second option is to consider the same human activities occurring in the paired years as a net change instead of as a new effect on runoff and erosion, which makes it easier to describe the influence of human activities between the paired years.
On the Loess Plateau, the main surface runoff and erosion are generated by rainstorms characterized by high intensity and short duration. When the scale of the data and time was the same, the similar weather condition analysis method could also be applied to daily analysis. Furthermore, the selection of thresholds is flexible. The smaller the threshold and the fewer paired years, the better the accuracy of the results. Finally, if more hydrological data, such as soil water storage and underground runoff, were available, the accuracy of the results from this similar weather condition analysis method would be improved. Because of the complexity of geological processes, there are also some obvious disadvantages for the method adopted here, such as the lack of physical mechanism in this method when describing changes to geography. If more methods such as model simulation were combined with the similar weather condition analysis, this would help clarify the variability in the characteristics and influencing factors of the hydrological and sedimentary elements.
Conclusions
The river annual sediment concentration, annual runoff, and sediment load had significant trends during 1958-2012. There was significant (P < 0.001) synchronized variation both between the annual runoff and sediment load, and annual sediment concentration and sediment load.
The stages of river runoff and sediment load could be divided according to mass curves of anomalies of observed data, and the mass curves of normalized characteristics could put all change processes in one plot for better analysis. Four clear stages of runoff and sediment load change were detected.
We selected five pairs of years ranging from the 1960s to the 2000s using the SPEC method. Three of the five pairs showed a reduced runoff and sediment load, and this was consistent with the trend detected by regression analysis. For the three consecutive years with SPEC, 12 of the 18 pairs showed reduced runoff, and 13 of the 18 pairs had a reduced sediment load (see supplementary material). For the five consecutive years with SPEC, eight of the 12 pairs showed reduced runoff, and 10 of the 12 pairs had a reduced sediment load (see supplementary material). This means that the reduction in the sediment load of the Beiluo River Basin caused by human activities occurs in most of the time period studied. The extent of the decrease in runoff and sediment load caused by human activities was related to the compared time period. That is, the variability of runoff and sediment load caused by human activities varied in different pair periods.
The human impacts related to NDVI change, and soil and water measures in the basin were important. Not only was there a change of sloping cropland into non-food crop vegetation or cultivable terraces, but also 18.33 × 10 8 t of silt trapped in reservoirs and behind check dams during 1960-99.
Precipitation and ET 0 between Three Consecutive
Years with SPEC The 18 pairs of years based on similar weather conditions (appendix Table 1 ) range from the 1960s to the 2000s, and the number of years of difference between each pair varies from 5 to 51. The differences in precipitation (P) and ET 0 ranged from -5.7-8.3 mm and -16.7-17.6 mm, respectively, from the absolute value of the paired period (appendix Table 1 ), and the difference in precipitation and ET 0 from the relative value of the paired period ranging from -1.08-1.83% and -1.74-1.83%, respectively.
Runoff and Sediment Load between Paired Three
Consecutive Years with SPEC
The SPEC analysis of the changes in runoff (R), sediment load (S) and sediment concentration (SC) are shown in Table 3 ) range from the 1960s to the 2000s, and the number of years of difference between each pair varies from 6 to 37. The difference in precipitation and ET 0 ranged from -8.6-6.8 mm and -16.7-5.2 mm, respectively, from the absolute value of the paired period (appendix Table 3 ), and the difference in precipitation and ET 0 from the relative value of the paired period ranged from -1.83-1.23% and -1.84-0.57%, respectively. Note: D-periods is the difference in years between periods 1 and 2; D-p is the difference in precipitation between periods 1 and 2; D-ET 0 is the difference in ET 0 between periods 1 and 2; and a is the amplitude (%). Note: D-periods is the difference in years between periods 1 and 2; D-p is the difference in precipitation between periods 1 and 2; D-ET 0 is the difference in ET 0 between periods 1 and 2; and a is amplitude (%).
Supplementary Material
Runoff and Sediment Load between Paired Five Consecutive Years with SPEC
The SPEC analysis of the changes in runoff (R), sediment load (S), and sediment concentration (SC) are shown in Table 4 (appendix). In SPEC, when comparing the later period with the earlier period in each pair, eight (4, 5, 7, 8, 9, 10, 11 , and 12) of the 12 pairs showed reduced R, 10 (from 3 to 12) of the 12 pairs showed reduced S, and nine (2, 3, 5, 7, 8, 9, 10, 11, and 12) of the 12 pairs had reduced SC. The amplitudes of R, S, and SC between the paired years ranged from -21.0-33.1%, -39.1-93.8% and -11.5-93.6%, respectively. The R, S, and SC for pair No. 7 showed the most dramatic change among the 12 pairs, with amplitudes of R, S, and SC of 33.1%, 93.8%, and 93.4%, respectively. 
